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Little is known about the significance of insects as environmental reservoirs of antibiotic-resistant bacteria. We
characterized the antibiotic resistome of the microbial community in gypsy moth larval midguts by applying
functional metagenomics to cultured isolates. The minimum inhibitory concentrations of 12 antibiotics were
determined for 44 cultured isolates, and antibiotic resistance genes were selected from metagenomic libraries
derived from DNA extracted from a pool of the isolates. Six unique clones were identified. Two were highly
resistant to penicillin-type b-lactams, two were moderately resistant to erythromycin, and two were moderately
resistant to a range of antibiotics, including erythromycin, carbenicillin, and chloramphenicol. Sequence analysis
predicted that the active genes encoded efflux pumps, a transcriptional activator of efflux pump protein ex-
pression, and an extended-spectrum class A b-lactamase. Insect guts are a reservoir of antibiotic resistance genes
with the potential for dissemination.

Introduction

Insects comprise one of the most diverse taxa of life, and
it is therefore surprising that little is known about their

commensal bacteria and the impact of these bacteria on the
health of their insect hosts. Even less is known about the
implications of insect-associated bacteria on human health.
For example, despite the importance of antibiotic-resistant
bacteria in modern medicine, only a few insect species have
been screened for them. Significantly, antibiotic-resistant
human pathogens are carried by flies and cockroaches in
hospitals and other urban settings (Pai et al., 2004, 2005;
Rahuma et al., 2005; Macovei and Zurek, 2006). The insect
gut may also serve as a mixing ground for bacterial genes.
Antibiotic resistance genes transfer conjugally from Escher-
ichia coli to Yersinia pestis, the causal agent of the Black Pla-
gue, within its flea host (Hinnebusch et al., 2002). Insects may
also apply selection pressures for antibiotic resistance
through their diet. Oil fly larvae, for example, that had no
known exposure to antibiotics carry antibiotic-resistant bac-
teria that might be selected from among commensal bacteria
by a general cell stress response incited by solvent exposure
(Kadavy et al., 2000). Finally, as highly successful invasive
organisms, insects present a convenient distribution mecha-
nism for antibiotic-resistant bacteria. When an insect invades
a new environment, its resident microbiota is carried along
and may invade as well (Vasanthakumar et al., 2008).

The gypsy moth (Lepidoptera: Lymantria dispar) is an in-
teresting example of an invasive species that may provide a
number of selective pressures for antibiotic resistance on its
resident microbiota. The microbial community of the gypsy
moth midgut is dominated by Enterococcus spp. and mem-
bers of the Enterobacteriaceae, which are commensal species
of humans (Broderick et al., 2004). Antibiotic resistance has
been increasing in clinical isolates of these taxa, presenting a
significant barrier to successful treatment of infectious dis-
eases (Paterson, 2006; Rice, 2006). Some members of these
groups have been shown to be efficient in gene exchange in
gut environments (Salyers et al., 2004). Gypsy moth larvae
consume a wide range of host plant species (Stoyenoff et al.,
1994), exposing its midgut microbial community to diverse
plant compounds, some of which may resemble antibiotics.
In addition, the gypsy moth midgut has a pH up to 12.4,
which may impose an additional selection pressure (Grin-
gorten et al., 1993). The gypsy moth midgut microbiota
therefore encounters a wide range of selection pressures.

Metagenomics, the collective analysis of an assemblage of
organisms, was developed to study the genome of an entire
microbial community (Riesenfeld et al., 2004). In soil, for
example, less than 1% of the bacteria are culturable by
standard laboratory techniques (Torsvik et al., 1990; Amann
et al., 1995); therefore, metagenomics provides a tool to access
the majority of genes in the community. Metagenomics
has not, however, been applied to assemblages of cultured

1Departments of Bacteriology and Plant Pathology, and 2Department of Entomology, University of Wisconsin, Madison, Wisconsin.

DNA AND CELL BIOLOGY
Volume 28, Number 3, 2009
ª Mary Ann Liebert, Inc.
Pp. 109–117
DOI: 10.1089=dna.2008.0812

109



organisms. We studied the antibiotic resistance phenotypes
of 44 bacterial isolates from gypsy moth midguts, using
metagenomics as an expedient way to access the genotypes
responsible for resistance. Here we report the application of
metagenomics as an efficient means to investigate the genetic
basis for antibiotic resistance in 44 bacterial isolates, describe
three new antibiotic resistance genes, and identify the bac-
teria from which the genes were isolated.

Materials and Methods

Gypsy moth bacterial isolates

Thirty-four bacterial isolates representing 15 species were
previously isolated from the midguts of lab-reared gypsy
moth larvae feeding on diverse plants (Broderick et al., 2004)
(Table 1). For the current study, additional wild, third and
fourth instar gypsy moth larvae were collected from Cross
Plains and Manitowoc, Wisconsin, by the Forest Pests Unit of
the Wisconsin Department of Natural Resources. These lar-
vae were stored less than 12 h at room temperature with the
foliage on which they were collected in closed, insulated
containers until dissection.

The midguts of 60 wild larvae were dissected and sus-
pended in 100 mL phosphate buffer (35 mM KH2PO4,
15.5 mM Na2PO4, pH 7). Dilutions of the midgut suspension
were cultured immediately on 1=10th strength tryptic soy
agar (10% TSA), and then the gut suspension was incubated
overnight at 288C and cultured again in the same manner.
All 10% TSA plates were incubated for 48 h at 288C. A single
colony of each morphology was cultured for purity, yielding
a total of 10 bacterial isolates from wild gypsy moth midguts.
Isolates were stored in 1=10th strength tryptic soy broth (10%
TSB) containing 10% glycerol at�808C.

The 16S rRNA gene of each isolate was PCR amplified
using the primers 27F (50 AGRGTTTGATYMTGGCTCAG 30)
and 1492R (50 GGYTACCTTGTTACGACTT 30) at an an-
nealing temperature of 558C. PCR products were purified
with Ampure (Agencourt Bioscience, Beverly, MA) accord-
ing to the manufacturer’s instructions, and sequenced with
27F and 1492R and Big Dye 3.1 (Applied Biosystems, Foster
City, CA). Reaction products were purified with CleanSeq
(Agencourt Bioscience) following the manufacturer’s in-
structions. Results were analyzed on Applied Biosystems
3730�1 sequencers at the University of Wisconsin-Madison
Sequencing Facility. Sequences were compared to those in
GenBank with BLAST (Altschul et al., 1990, 1997). 16S rRNA
gene libraries were also constructed from the 60-midgut
suspension following the amplification protocol above. PCR
products were cloned into pGEM-T (Promega, Madison, WI),
inserts were amplified with vector primers SP6 and T7, and
amplification products were sequenced with primer 27F as
indicated above.

Determination of minimum inhibitory concentrations

The minimum inhibitory concentrations (MICs) for car-
benicillin (Fisher Scientific, Fair Lawn, NJ), erythromycin
(Fluka BioChemika, Buchs, Switzerland), ciprofloxacin
(Wako Chemicals USA, Richmond, VA), rifampin (Research
Products International, Mt. Prospect, IL), ceftazidime, gen-
tamicin, kanamycin, streptomycin, vancomycin, chloram-
phenicol, nalidixic acid, and tetracycline (all from Sigma, St.

Louis, MO) were determined by broth microdilution for each
isolate according to the Clinical Laboratory Standards In-
stitute (CLSI) guidelines (NCCLS, 2004). Briefly, each isolate
was grown in 1=2-strength tryptic soy broth (50% TSB)
overnight at 288C. The culture density was adjusted to ap-
proximately 1�108 colony forming units (CFU) per mL in
Mueller–Hinton broth (Becton, Dickinson and Company,
Sparks, MD) based on optical density at 600 nm. Each sus-
pension was diluted in Mueller–Hinton broth 1:20 and 10mL
was inoculated into 100 mL Mueller–Hinton broth containing
a dilution series (512–0.5 mg=mL) of the test antibiotic in 96-
well plates (Corning Costar, Corning, NY). The concentra-
tion and purity of each isolate was verified by dilution
plating on 1=10th-strength TSA (10% TSA). Both the 96-well
and 10% TSA plates were incubated for 16–18 h at 288C.

As per CLSI guidelines, the MIC was recorded as the
lowest concentration of antibiotic to prevent turbid growth
based on visual assessment and comparison to uninoculated
wells, inoculated wells containing only Mueller–Hinton
broth, and each antibiotic dilution series inoculated with
EPI300 E. coli. The results reported for EPI300 E. coli fall
within the accepted range of MIC values for E. coli (Table 3
and data not shown) (NCCLS, 2004). MIC values were
measured at twofold increases in concentration; therefore,
apparent differences appear more significant at higher con-
centrations, and minor differences are likely attributable to
differences in gene expression levels and experimental vari-
ation. The MIC values were confirmed in at least three sep-
arate experiments, and as long as the values were within two
dilution factors, the lowest value obtained for each isolate
was reported. Although clinical guidelines were used for
antibiotic resistance testing, clinical standards do not exist for
most environmental bacteria, including those from the gypsy
moth midgut. Therefore, an isolate was called ‘‘resistant’’ if it
showed more than twofold higher resistance compared to
other gypsy moth isolates of the same species. MIC assays
for metagenomic clones were performed as described except
that E. coli cultures were grown in LB at 378C. MIC assays
were also performed on a subset of clones with the b-lactam
antibiotics amoxicillin and piperacillin (Sigma). b-Lactamase
inhibitor assays were performed in a similar manner except
that 2 mg=mL potassium clavulanate (Sigma) or 4mg=mL ta-
zobactam (Sigma) were added to each test well.

Metagenomic library construction from pooled isolates

DNA extractions of gypsy moth midguts were unsuc-
cessful; therefore, metagenomic libraries were built from the
cultured members of the community. Bacterial isolates were
struck out from freezer stocks onto 10% TSA and incubated
for 48 h at 288C. Because metagenomic library construction
necessitates more DNA than is isolated from a single colony,
single colonies were swabbed onto 10% TSA plates and in-
cubated for 48 h at 288C. These bacterial lawns were scraped
into pools of six isolates for DNA extraction via the Power-
Soil DNA Extraction Kit (MOBIO Laboratories, Carlsbad,
CA). The pools were necessary to fit the volume of the tubes
supplied with the PowerSoil Kit, and bacterial DNA from all
isolates was combined prior to digestion. DNA was partially
digested with PstI and ligated into pCF430 (Table 2) (New-
man and Fuqua, 1999). Ligation products were transformed
into E. coli EPI300 (Table 2) (Epicentre Biotechnologies,
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Madison, WI), and the resulting colonies were stored in pools
in LB containing 10% glycerol. Two metagenomic libraries,
GMC01 and GMC02, were constructed in this manner.

Selection and phenotypic confirmation
of antibiotic-resistant clones

Libraries GMC01 and GMC02 were selected on LB con-
taining 20 mM arabinose and 50mg=mL carbenicillin,
5 mg=mL ceftazidime, 20mg=mL chloramphenicol, 1mg=mL
ciprofloxacin, 10 mg=mL gentamicin, 500mg=mL erythromy-
cin, 20 mg=mL kanamycin, 50 mg=mL nalidixic acid, or
30 mg=mL rifampin. One hundred microliters of a suspension
of approximately 1�106 CFU=mL of each library was spread
on eight plates of each selective medium. One set of four
plates was incubated overnight at 378C and the other set at
288C. Two aliquots of each library were selected indepen-
dently. Plasmid DNA from each presumptive antibiotic-
resistant clone was isolated by alkaline lysis (Sambrook and
Russell, 2001). DNA from each clone with a unique restric-
tion pattern was retransformed into E. coli, and the antibiotic
resistance phenotype and plasmid restriction patterns were
confirmed. Metagenomic clones are listed in Table 2.

Identification and DNA sequencing
of antibiotic resistance genes

The genes responsible for the resistance phenotype in clones
ERY01 and CRB03 were determined by mutagenesis with the
GPS-1 genome priming system as per manufacturer’s instruc-
tions (New England Biolabs, Ipswich, MA). Loss-of-phenotype
mutants were identified by plating transformants onto per-
missive (LBþ 20mg=mL tetracyclineþ 20mg=mL chloram-
phenicol) and selective media (LBþ 500mg=mL erythromycin
or 50mg=mL carbenicillin), and identifying colonies that could
no longer grow under selection. Plasmid DNA was isolated
from these colonies, and the active gene was sequenced using
the north and south primers provided with the transposon
(New England Biolabs). Additional primers (IDT, Coralville,
IA) were designed to sequence the entire insert of ERY01.

Clone CRB01 was partially digested with Sau3aI (Promega)
and purified using the PCR clean-up protocol in the QIAquick
gel extraction kit (Qiagen, Valencia, CA). The resulting DNA
fragments were ligated into the BamHI site of pET24a (No-
vagen, Madison, WI), and the ligation was transformed into
EPI300 E. coli (Epicentre Biotechnologies). Carbenicillin-
resistant subclones were selected, and one containing a 3.3-kb
insert was sequenced by primer walking. Sequences were
assembled in SeqMan (DNAstar, Madison, WI). ORF Finder
(http:==www.ncbi.nlm.nih.gov=gorf=gorf.html) was used to
identify putative open reading frames (ORFs), which were
annotated using BLAST (Altschul et al., 1990, 1997). Annota-
tion revealed a gene encoding a b-lactamase, and its function
was verified by cloning it into the XhoI and NheI sites of
pET24a (Novagen). Primers were designed with appropriate
restriction sites (forward, 50-atctgctagcATGAATAGCATCTT
TTCCCTGTCC; reverse, 50-aattctcgagTTACTGTTTTTCCCA
CGCCGCCAG; capital letters indicate coding region, and
underlining indicates restriction sites) (IDT), and the PCR
product was digested and ligated into pET24a. The ligation
products were transformed into EPI300 E. coli, carbenicillin-
resistant clones were selected, and the construct was desig-
nated LRG1 (Table 2). One resistant clone was sequenced and

tested in MIC assays. ramA was cloned from CRB03 (forward
primer, 50-gactgctagcATGATAAAAGGAGAGGCAGCAAT;
reverse primer, 50-atatctcgagCTACGCCCGAACCTGATGCT
CT) (IDT) and tested for resistance in the same manner as
blaLRG-1. This construct was called RAMA (Table 2).

To identify the organism of origin for the metagenomic
resistance genes, bacterial colonies of each isolate were sus-
pended in 50mL colony lysis solution (CLS) (1% Triton X 100,
20 mM Tris-Cl pH 8.5, and 2 mM EDTA) and boiled for
20 min. PCR reactions were carried out in 50-mL reaction
mixtures containing 5 mL bacterial lysate, GoTaq DNA
polymerase and buffer (Promega), 1 mM dNTPs (0.25 mM
each), and 25 pmol of each primer. The following primer
pairs were designed to probe the bacterial isolates for the
resistance genes found in the metagenome: sdeXf (50-AT
GAACAAAAACAGAGGGTTAACG) and sdeXr (50-TTATG
ACTTCTGCGCTTCAGACTG); ramAf (50-ATGATAAAAGG
AGAGGCAGCAAT) and ramAr (50-CTACGCCCGAACCT
GATG); lrg1f (50-ATGAATAGCATCTTTTCCCTGTCC) and
lrg1r (50-TTACTGTTTTTCCCACGCCGCCAG) (IDT). ramA
and lrg1 were amplified with the following thermal cycle:
958C for 3 min, 30 cycles of (denature [948C for 30 s], extend
[538C for 1 min], and anneal [728C for 2 min]), 728C for 7 min,
and 48C hold. sdeX was amplified with the following thermal
cycle: 958C for 3 min, 30 cycles of (denature [948C for 30 s],
extend [498C for 1 min], and anneal [728C for 2 min]), 728C
for 7 min, and 48C hold. Five microliters of CLS was sub-
jected to PCR amplification as a negative control, and 1 mL of
plasmid preps of ERY01 (with the sdeX primer pair), CRB03
(with the ramA primer pair), and CRB01 (with the lrg1 primer
pair) was always subjected to amplification as a positive
control. Five microliters of each PCR reaction was run on an
agarose gel and visualized with ethidium bromide staining.

Phylogenetic analysis of LRG-1

The amino acid sequences of the top 100 homologs to
LRG-1 were retrieved via BLAST (Altschul et al., 1990, 1997).
To improve readability of the phylogenetic tree for publica-
tion, some sequences were eliminated from dense clades
before the final analysis (e.g., not all CTX-M b-lactamases
are presented). Sequences were aligned in ClustalX 1.83
(Thompson et al., 1997) with the following parameters:
pairwise gap opening penalty¼ 35, pairwise gap extension
penalty¼ 0.75, multiple gap opening penalty¼ 15, and
multiple gap extension penalty¼ 0.3. The alignment was
optimized by trimming< 5 amino acids from either end of
the alignment, and by hiding a gap near amino acid 40. The
alignment was then analyzed by neighbor-joining and
maximum parsimony (MP) in Paup*4.0b10 [(Swofford, 2003)
1000 bootstrap replicates], and in Bayesian analyses in
MrBayes 3.1 [(Huelsenbeck and Ronquist, 2001; Ronquist
and Huelsenbeck, 2003) 200,000 MCMC generations, burnin
of 200]. Prottest (Abascal et al., 2005) determined that the
fixed-rate model WAGþG [(Whelan and Goldman, 2001),
general reversible model of amino acid replacement and
g-distributed rates] best fit the data under the BIC frame-
work. The Bayesian tree is reported, and is rooted with the
chromosomal b-lactamase from Erwinia perscina, ERP-1. The
topology of the parsimony tree conformed to the Bayesian
tree except at nodes where no bootstrap value is reported, in
which case the Bayesian tree provided better resolution.
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GenBank accessions

The metagenomic clones that were sequenced were de-
posited in GenBank, and their accession numbers are listed
in Table 2. The 16S rRNA gene sequences of bacterial isolates
from wild gypsy moths were deposited with accessions
FJ013260 through FJ013269. Two representative 16S rRNA
genes sequenced directly from this community were depos-
ited with accessions FJ013270 and FJ013271.

Results

Bacterial communities from wild and lab-reared gypsy
moth midguts have similar composition

We performed sequence analysis of 16S rRNA genes am-
plified from individual bacterial isolates from wild gypsy
moths as well as a 16S rRNA gene library constructed from
wild gypsy moth midguts. The members of the wild gypsy
moth microbiota are consistent with previous results
from lab-reared larvae (Table 1 and data not shown).
Members of the Enterobacteriaceae and other Gammapro-
teobacteria were cultured from the wild gypsy moth larvae
(Table 1). Culture-independent analysis of wild gypsy moth
midguts revealed that 33 of 190 16S rRNA genes affili-
ated with Pantoea agglomerans, and 157 of 190 affiliated
with Enterococcus sp. (data not shown), both of which are
also found in the microbiota of lab-reared larvae (Broderick
et al., 2004). The bacterial community of wild gypsy
moth larval midguts is therefore similar to that of lab-reared
larvae.

Bacteria cultured from gypsy moth are resistant
to common antibiotics

Among the 44 bacterial isolates from the midguts of lab-
reared and wild-caught gypsy moth larvae, resistance was
detected to 11 of the 12 antibiotics (no resistance to cipro-
floxacin) (Table 1). Variations in antibiotic resistance profiles
were observed among bacterial isolates of closely related
species, and some of the levels of resistance were equal to or
above the breakpoints for clinically significant resistance
(NCCLS, 2004) (Table 1). Antibiotic resistance profiles were
similar among bacteria isolated from lab-reared and wild-
caught gypsy moth midguts (Table 1).

Metagenomic clones from the midgut
microbial community confer a range
of antibiotic resistance phenotypes

To determine whether any of the antibiotic resistance
phenotypes observed in the culturable bacterial isolates from
gypsy moth larvae were expressed in E. coli, metagenomic
libraries were constructed from the pooled DNA of the
bacterial isolates. The first library, GMC01, contained 8275
clones with an average insert size of 5.5 kb, and the second
library, GMC02, contained 30,246 clones with an average
insert size of 8.6 kb. These libraries captured over 300 Mb of
DNA, which corresponds to at least sixty 5-Mb bacterial
genomes. Forty-four isolates and therefore 44 genomes were
pooled; thus, we estimate that each gene is represented at
least once in the libraries, assuming evenness of representa-
tion.

Six unique clones that conferred tolerance to certain anti-
biotics were identified and confirmed (Table 2). Three clones
(designated CRB01, CRB02, and CRB03) were originally
isolated on media containing carbenicillin, two clones (des-
ignated ERY01 and ERY02) were isolated on media con-
taining erythromycin, and one clone (designated CHL01)
was isolated on media containing chloramphenicol. The re-
sistance profiles of these clones were further characterized by
broth microdilution MIC assays (Table 3). No ciprofloxacin-
or kanamycin-resistant clones were isolated (data not
shown). The results suggest that the clones encode three
different types of antibiotic tolerance: one that is specific to
erythromycin (in ERY01 and ERY02), one that is not specific
to antibiotic class (in CHL01 and CRB03), and one that is
specific to b-lactam antibiotics (in CRB01 and CRB02) (Table
3). Clones CRB01, CRB02, CRB03, and ERY01 were chosen
for further genetic characterization.

The genes responsible for antibiotic
resistance are diverse

Two of five ORFs in the clone ERY01 are responsible for
the antibiotic resistance phenotype, as indicated by sequence
analysis of transposon mutants (Fig. 1). The two genes en-
code homologs of SdeXY from Serratia marcescens, each with
95% amino acid identity. Consistent with the sequence
analysis, PCR analysis showed sdeX to be present in both of
the S. marcescens isolates and not in other isolates from the
gypsy moth midguts (data not shown). SdeX and SdeY are
proteins in the resistance-nodulation-cell division (RND)
superfamily of multidrug resistance proteins.

The loss-of-phenotype transposon insertion mutants in
CRB03 indicated that two putative ORFs are responsible for
the observed phenotype, a romA homolog upstream of a
ramA homolog (Fig. 1). We postulated that the insertions in
the upstream gene were polar on ramA and therefore that
ramA alone was responsible for resistance. This would be
consistent with previous work showing that ramA from
Klebsiella pneumoniae, but not romA as had been previously
reported (Komatsu et al., 1990), conferred multidrug resis-
tance on E. coli (George et al., 1995). To test this, we sub-
cloned the ramA homolog and found that it alone increased
resistance over the control E. coli strain (Table 3). The gypsy
moth microbial community RamA is most similar to RamA
from K. pneumoniae (86% amino acid identity). According to
PCR analysis, the metagenomic ramA originated from all of
the Enterobacter sp. isolates of the gypsy moth midgut (data
not shown). In addition to the ramA homolog, another
product was amplified with ramA primers from 17 of the
isolates. Further experiments are necessary to determine
whether this is a nonfunctional homolog of ramA.

CRB01 was subcloned, and sequence analysis revealed a
gene whose deduced protein product has 60% amino acid
identity and 72% amino acid similarity to BES-1, an ex-
tended-spectrum class A b-lactamase from S. marcescens
isolated in several Brazilian hospitals (Bonnet et al., 2000)
(Fig. 1). CRB02 was found by PCR analysis to contain the
same gene (denoted blaLRG-1 as per the convention in the
b-lactamase field), with 100% nucleotide identity (data not
shown). PCR also indicated that the two Erwinia sp. isolates
and the Pseudomonas sp. isolate from wild gypsy moths
harbored blaLRG-1. Both CRB01 and CRB02 were highly
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resistant to members of the penicillin structural class of
b-lactams (amoxicillin, ampicillin, carbenicillin, and piper-
acillin), but not to the cephalosporin structural class (cefa-
mandole, ceftazidime, cefoxitin, and cephalexin) (Table 4 and
data not shown). One hallmark of extended-spectrum b-
lactamases is that their activity is inhibited by commercially

available b-lactamase inhibitors, such as clavulanate and
tazobactam (Perez et al., 2007). The activity of both CRB01
and a subclone of it containing the b-lactamase-encoding
gene was abolished by clavulanate and tazobactam (Table 4).
We have designated this b-lactamase LRG-1 (b-lactam re-
sistance from gypsy moth midgut microbial community).

Table 1. Minimum Inhibitory Concentration Values (mg=mL) of Culturable Bacterial

Isolates from Gypsy Moth Midguts

Isolatea Sourceb Crbc Cft Gnt Ery Kan Str Vnc Cip Chl Rif Nal Tet

Enterococcus faecalis Artificial diet 64d >512 16 <0.5 128 256 1 1 4 2 256 <0.5
E. faecalis Larch 64 512 64 2 64 128 1 1 1 2 256 <0.5
E. faecalis White Oak 64 >512 32 1 64 256 2 1 2 2 256 <0.5
E. faecalis Willow 64 >512 32 1 64 64 1 1 2 1 128 <0.5
Enterococcus sp. Aspen 64 512 8 <0.5 32 16 2 2 2 2 256 <0.5

Staphylococcus cohni Artificial diet 8 64 <0.5 8 <0.5 <0.5 1 <0.5 2 <0.5 128 <0.5
S. cohni Larch 2 16 <0.5 <0.5 <0.5 4 <0.5 <0.5 8 <0.5 32 16
S. cohni Willow 8 64 <0.5 4 <0.5 <0.5 <0.5 <0.5 1 <0.5 64 <0.5
Staphylococcus lentus Artificial diet 1 16 <0.5 <0.5 1 4 <0.5 1 8 <0.5 128 8
S. lentus White Oak 4 32 <0.5 <0.5 <0.5 4 <0.5 <0.5 4 <0.5 32 8
S. lentus Willow 2 32 <0.5 <0.5 1 2 <0.5 <0.5 4 <0.5 32 16
Staphylococcus xylosus Artificial diet 4 32 <0.5 <0.5 16 128 1 <0.5 2 <0.5 256 32
S. xylosus Larch 4 32 1 <0.5 16 128 1 <0.5 2 <0.5 128 32
S. xylosus White Oak 8 32 <0.5 <0.5 <0.5 1 1 1 2 <0.5 64 <0.5
S. xylosus Willow 8 32 <0.5 <0.5 <0.5 1 1 <0.5 2 <0.5 256 <0.5

Microbacterium sp. Aspen 64 512 2 1 32 2 <0.5 1 1 <0.5 256 4
Microbacterium sp. Larch 2 16 <0.5 <0.5 4 2 <0.5 2 2 <0.5 128 <0.5

Paenibacillus sp. Larch 32 >512 <0.5 <0.5 1 >512 <0.5 <0.5 4 <0.5 4 <0.5

Sphingobacterium sp. Aspen 512 16 8 8 >512 64 32 <0.5 4 <0.5 8 <0.5

Pseudomonas putida Artificial diet >512 8 4 8 2 128 256 <0.5 256 8 64 2
P. putida Larch >512 8 4 >512 4 128 >512 <0.5 512 16 64 4
P. putida White Oak >512 8 4 >512 2 128 >512 <0.5 256 16 32 2
P. putida Willow >512 8 4 >512 2 128 >512 <0.5 256 16 64 2
Pseudomonas sp. Aspen 512 4 <0.5 >512 <0.5 16 >512 <0.5 16 8 32 1
Pseudomonas sp. Larch >512 8 <0.5 512 1 8 >512 <0.5 128 8 32 2
Pseudomonas sp. Wild 512 8 1 512 8 8 512 <0.5 128 16 32 4

Enterobacter sp. Artificial diet 8 <0.5 <0.5 8 2 2 256 <0.5 8 8 8 <0.5
Enterobacter sp. Larch 16 <0.5 2 8 2 4 512 <0.5 8 4 4 <0.5
Enterobacter sp. White Oak 8 <0.5 <0.5 16 2 4 256 <0.5 4 4 4 <0.5
Enterobacter sp. Willow 16 <0.5 <0.5 8 2 1 256 <0.5 4 2 4 <0.5

Pantoea agglomerans Artificial diet 2 <0.5 1 16 1 1 512 <0.5 2 8 1 <0.5
P. agglomerans Larch 8 <0.5 <0.5 8 1 2 256 <0.5 1 2 1 <0.5
P. agglomerans Willow 8 <0.5 1 16 1 2 512 <0.5 2 2 2 <0.5
P. agglomerans Wild 16 <0.5 <0.5 8 1 1 256 <0.5 2 4 2 <0.5
P. agglomerans Wild 8 <0.5 1 4 2 1 128 <0.5 4 8 4 <0.5
P. agglomerans Wild 16 <0.5 2 16 128 4 512 <0.5 2 8 4 <0.5
P. agglomerans Wild 8 <0.5 1 16 1 2 256 <0.5 2 8 2 <0.5
P. agglomerans Wild 8 <0.5 1 32 2 1 256 <0.5 1 8 2 <0.5
P. agglomerans Wild 8 8 1 8 1 2 512 <0.5 4 4 4 1
Pantoea sp. Wild 16 <0.5 1 16 4 4 512 <0.5 4 8 4 1

Erwinia sp. Wild 512 <0.5 1 32 2 1 >512 <0.5 2 16 128 1
Erwinia sp. Wild 512 <0.5 1 32 2 8 >512 <0.5 2 16 2 1

Serratia marcesens Aspen 8 <0.5 4 256 2 4 >512 <0.5 32 32 2 128
S. marcesens Larch 8 <0.5 <0.5 256 2 4 >512 <0.5 32 32 1 128

aIsolate identification based on 16S rRNA sequencing.
bSource is either wild-caught (wild) or lab-reared gypsy moth larvae. If reared in the lab, the food is listed (eg: willow).
cAntibiotics are abbreviated as follows: Crb, carbenicillin; Cft, ceftazidime; Gnt, gentamicin; Ery, erythromycin; Kan, kanamycin; Str,

streptomycin; Vnc, vancomycin; Cip, ciprofloxacin; Chl, chloramphenicol; Rif, rifampin; Nal, nalidixic acid; Tet, tetracycline.
dThe data are coded as follows: baseline MIC as determined by comparing that of like gypsy moth isolates, black; high MIC in common

with like gypsy moth isolates, boldfaced black; MIC at least twofold greater than that of like gypsy moth isolates, boldfaced black italics.
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LRG-1 is related to the clinically relevant CTX-M family
of class A b-lactamases

The predicted amino acid sequence of LRG-1 was ana-
lyzed phylogenetically in Bayesian and parsimony analyses.
The resulting evolutionary trees revealed that LRG-1 is dis-
tantly related to all known b-lactamases (Fig. 2). It is most
closely related to the b-lactamases ERP-1 (56% amino acid
identity) and BES-1, the former of which is chromosom-
ally encoded in E. perscina and the latter is plasmid-borne
in S. marcescens. ERP-1 was the first extended-spectrum
b-lactamase reported in a plant-associated enterobacterial
species (Vimont et al., 2002). The topology shows that LRG-1
did not arise from clinical b-lactamases, and suggests that
BES-1 and LRG-1 have a common origin (Fig. 2).

Discussion

Our work demonstrates that the gypsy moth midgut mi-
crobial community harbors antibiotic-resistant bacteria and

antibiotic resistance genes. The gypsy moth midgut com-
munity is therefore a potential source of new genes encod-
ing antibiotic tolerance and clinically relevant levels of
antibiotic resistance. In particular, the b-lactamase LRG-1
from the gypsy moth midgut metagenome was found to
confer clinically relevant levels of resistance on E. coli.
Extended-spectrum b-lactamases are increasingly common
in the Enterobacteriaceae, including in isolates from live-
stock, companion animals, and wildlife (Costa et al., 2006;
Li et al., 2007). Extended-spectrum b-lactamases hydrolyze
both penicillins and cephalosporins, eliminating the effec-
tiveness of a wider variety of b-lactams than do typical b-
lactamases and causing higher mortality and morbidity rates
in patients infected with pathogens carrying them than are
caused by bacteria that do not produce these enzymes (Perez
et al., 2007). Several homologs of LRG-1 are in the CTX-M
family of b-lactamases (Fig. 2), which is a group of plasmid-
borne class A b-lactamases that has become the dominant
extended-spectrum b-lactamases in pathogens isolated from
humans (Bonnet, 2004). However, both the phylogenetic
analysis and specificity of LRG-1 for penicillins suggest
divergence between LRG-1 and the CTX-M family. LRG-1
originated in two bacterial species that were isolated from
the midguts of wild gypsy moths, illustrating that in-
sects might play a role in disseminating important antibi-
otic resistance genes. Future work will determine whether
blaLRG-1 is chromosomal or plasmid-borne in the gypsy moth
microbiota.

The resistome (D’Costa et al., 2006) of the gypsy moth
midgut microbial community also contains genes, such as
sdeXY, that encode efflux pump machinery of the RND fam-
ily, which tend to have broad substrate specificity (Nikaido,
1998). The bacteria in the midgut community are confronted
with a multitude of toxic compounds from the wide variety
of plant species that the gypsy moth larvae consume, and
therefore the pumps may be requisite to confront the chemi-
cally challenging environment in the midgut.

Table 2. Bacterial Cloning Strain, Plasmids, and Metagenomic Clones Described in This Work

Strain=plasmid Relevant characteristics Source or reference

E. coli strains and plasmids for cloning
EPI300 mcrA, D(mrr-hsdRMS-mcrBC), endA1, recA1; high transformation

efficiency of large DNA
Epicentre Biotechnologies

pCF430 Tetr; broad-host-range vector Newman and Fuqua, 1999
pET24a Kanr; cloning=expression vector Novagen

Metagenomic clones in pCF430 from culturable bacteria of gypsy moth midguts
ERY01 Eryr; contains genes encoding multidrug resistance efflux pumps This study; EU885955
ERY02 Eryr This study
CRB01 Crbr; contains a gene encoding an extended-spectrum

class A b-lactamase (ESBL)
This study; EU885954

CRB02 Crbr; contains the same ESBL as CRB01 but has a different
restriction pattern

This study

CRB03 Crbr, Eryr, Chlr, and Nalr; contains a gene encoding
a transcriptional regulator

This study; EU885953

CHL01 Crbr, Eryr, Chlr, and Nalr This study

Subclones in pET24a of selected active genes from the metagenome
LRG1 b-lactamase from CRB01 This study
RAMA transcriptional regulator from CRB03 This study

Antibiotics are abbreviated as follows: Tet, tetracycline; Kan, kanamycin; Ery, erythromycin; Crb, carbenicillin; Chl, chloramphenicol; Nal,
nalidixic acid; r, resistant.

Table 3. MIC Values (mg=mL) of Clones and

a Subclone from the Bacterial Metagenome

of Gypsy Moth Midguts against Nine Antibiotics

Clone Crb Cft Gnt Chl Ery Nal Rif

ERY01 8 0.5 1 2 256 4 16
ERY02 4 1 4 2 128 2 8
CRB01 >512 0.5 1 2 32 2 8
CRB02 >512 0.5 1 2 32 2 8
CRB03 64 4 1 16 256 16 16
CHL01 16 4 4 16 128 16 16
pCF430 4 0.5 1 2 32 2 8
RAMA 32 2 1 8 128 8 16
pET24a 2 1 1 2 32 2 4

Antibiotics are abbreviated as follows: Crb, carbenicillin; Cft,
ceftazidime; Gnt, gentamicin; Chl, chloramphenicol; Ery, erythro-
mycin; Nal, nalidixic acid; Rif, rifampin.
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The resistome of the gypsy moth midgut community also
revealed an AraC family transcriptional regulator that con-
fers tolerance to numerous antibiotics on E. coli. The nearest
homolog, ramA, was previously found in K. pneumoniae, S.
enterica, and E. aerogenes (van der Straaten et al., 2004b),
which is consistent with our finding that the metagenomic
ramA originated from the Enterobacter sp. of the gypsy moth
microbiota. In these species and when overexpressed in

E. coli, ramA confers multidrug resistance (George et al., 1995;
Chollet et al., 2004; van der Straaten et al., 2004a), although its
precise role remains elusive. The ramA from the gypsy moth
microbial community further illustrates the diversity of gene
families that contribute to this antibiotic resistome.

Our analysis likely underestimates the extent of the gypsy
moth midgut microbial community resistome. We screened for
resistance only in isolates capable of producing turbid cultures

FIG. 1. ORF maps of antibiotic-resistant clones from the bacterial metagenome of the gypsy moth midgut. Only a portion of
the insert sequence that contains the active gene is shown. Black triangles represent the location of transposon insertions that
disrupted the resistance phenotype. The active gene in CRB01 was subcloned and not subjected to transposon mutagenesis.
In ERY01, the gene product encoded by the unlabeled ORF is homologous to the TetR family of transcriptional regulators.

FIG. 2. Bayesian phyloge-
netic tree of aligned class A
b-lactamase amino acid se-
quences. Bayesian posterior
probabilities (200,000 MCMC
generations, WAGþG model)
are shown above the nodes,
and bootstrap values based on
parsimony analysis (1000 rep-
licates) are below the nodes.
Values are not reported for
branches shorter than 0.01.
Where the species on the tree
are redundant, either the
strain or b-lactamase name is
also reported. Amino acid ac-
cession numbers are listed
in gray. Scale bar¼ 0.1
changes=site.
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in Mueller–Hinton broth, and there may well be others that do
not grow or express resistance in this medium. Further, the
isolates were propagated without antibiotic selection, and
therefore genes present on plasmids might have been lost.
Although the 12 antibiotics tested in this study represent a
broad range of drug classes and modes of action, resistance
determinants specific for other antibiotics may well be present
in the gypsy moth microbial community. It is also likely that
the community contains resistance determinants that are not
expressed in E. coli. Despite these limitations, functional me-
tagenomics led us to diverse antibiotic resistance determinants:
efflux pumps, transcriptional regulators, and enzymes that
degrade antibiotics, thereby demonstrating that this is a
streamlined method to identify resistance determinants in mi-
crobial communities. The similarity between the communities
in lab-reared and wild-caught larvae suggests that the resis-
tance determinants we isolated may be widespread in gypsy
moth populations. In light of the size and density of gypsy
moth populations, this work raises the concern that the bacteria
or the resistance determinants from the gypsy moth gut might
be transferred to other environments. Further work will de-
termine whether the migration of resistance genes from insect
guts or other environmental reservoirs to clinical settings
presents a threat to human health.
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